By using plasmid pMB9, penicillinase genes (penP and penI) from both the wild-type and constitutive strains of Bacillus licheniformis 9945A were cloned in Escherichia coli. When a low-copy-number plasmid was used, both wild-type and constitutive penicillinase genes could be transferred into Bacillus subtilis. However, when a high-copy-number plasmid was used, only the genes of the wild type could be transferred. These recombinant plasmids in B. subtilis could all be transferred by the protoplast transformation procedure into B. licheniformis. Transformants of E. coli were resistant to ampicillin (20 ,ug/ml) in spite of the low penicillinase activities (7 U/mg of cells). However, transformnants ofB. subtilis and B. licheniformis were sensitive to ampicillin (20 ,ug/ml) even in high penicilsubtilis, and the original strain of B. licheniformis is discussed.
linase activities (more than 10,000 U/mg of cells). The secretion of penicillinase was rarely observed in E. coli. In contrast, penicillinases secreted from transformants of B. subtilis and B. licheniformis were around 30 and 60% of the total activities, respectively. We took advantage of the plasmids to permit the construction of heteroand mero-polyploid structures in host cells, and we discuss a regulatory mechanism of penicillinase synthesis in B. licheniformis.
The penicillinase (fl-lactamase) of Bacillus spp. is not only of clinical importance but also of academic interest to investigate the enzyme secretion. Bacillus licheniformis produces cellbound and extracellular penicillinases, both of which are found by genetic mapping to be coded on a single chromosomal gene (21) . The synthesis of penicillinase in B. licheniformis is induced by penicillin or its structural analogs such as cephalosporin C (7, 21) . Most of the studies on the penicillinase of B. licheniformis have been confined to two strains, 749/C (ATCC 25972) and 6346 (ATCC 9800) (18) .
Recently, the structural gene for the penicillinase of B. licheniformis 749/C was cloned with a phage vector ANM574 or a plasmid in Escherichia coli (4, 8) . By using vector plasmids, we have independently cloned penicillinase genes, penP and penI, from both wild-type and constitutive strains of B. licheniformis ATCC 9945A FDO120, which is characterized as a highly transformable mutant strain. This paper describes the isolation and characterization of recombinant plasmids carrying penicillinase genes of B. licheniformis, and the expression of cloned genes in E. coli, Bacillus ATCC 9945A FDO120. Pencillinase-negative strains could not be obtained by a single mutagenic treatment of B. licheniformis CO1. Consequently, penicillinasenegative strain CO1P1013 was obtained by two successive N-methyl-N'-nitro-N-nitrosoguanidine treatments from magno-constitutive strain C01 (see Table  3 ). A recombination-deficient (Rec-) strain of B. Iicheniformis M015 was obtained as follows. Mutant strains sensitive to mitomycin C (0.025 ,ug/ml) (Mc) were first isolated by means of N-methyl-N'-nitro-Nnitrosoguanidine treatment of B. licheniformis C01P1013. Strains which were sensitive to UV (15 W UV lamp, Matsushita Electric Co., Japan; 35 cm, 10 s) (UV') were screened from the above-mentioned Mc' strains. Mc' UV' strains thus obtained were examined for the ability to recombine with chromosomal DNA of strain FD0264 (Met'). Transformation frequencies of Mc' UV' strains and the original strain CO1P1013 were compared with respect to prototrophy (Met+). Strain M015 exhibited the lowest frequency, which was less than one-thousandth of that (4 x 10-5) for strain CO1P1013; this fact suggests that strain M015 is Rec-.
The vector plasmid used for E. coli was pMB9 (TcO), and those used for B. subtilis and B. licheniformis were pUBilO (Km') and pTB53 (Km' Tc') ( Table  2) . pMB9, pUBilO, and pBR322 (Ap' Tcr) were purchased from Bethesda Research Laboratories, Inc. Media and solutions. L broth contained 10 g of tryptone (Difco), 5 g of yeast extract, and 5 g of NaCl in 1 liter of deionized water; it was adjusted to pH 7.0 with NaOH and solidified with 15 g of agar per liter. SMM buffer and PEG solution, as described by Chang and Cohen (5), were used. SMML medium was prepared by mixing equal volumes of 2x strength L broth and 2x strength SMM. SMML medium was modified (SMMLP medium) by adding polyvinylpyrrolidone (final concentration = 40 g/liter). Regeneration medium DMP was a modification of DM3 (5) , with polyvinylpyrrolidone instead of bovine serum albumin. NBSG-X and TM were prepared as described by Thorne and Stull (25) . Modified medium H3 contained 10 times more Fe2+ than the basic Hendlin medium (11) . CH/S medium was as described by Pollock (18) . For the composition of Tris-borate buffer, see elsewhere (13) . TE buffer contained 10 mM Tris-hydrochloride (pH 7.5) and 0.1 mM disodium EDTA. Iodine reagent used was prepared as shown by Sargent (20) .
Mutagenesis. An exponentially growing culture of B. lichenifornis in L broth at 37°C was centrifuged (5,000 x g, 10 min), and the cells were suspended in Tris-maleate buffer (50 mM, pH 6.5). N-methyl-N'nitro-N-nitrosoguanidine (20 ,tg/ml) was added to the cell suspension, and incubation was continued at 370C for 30 min. The cells were harvested, washed with L broth, and then plated for the detection of mutant strains.
Preparation of plasmids and chromosomal
DNA. Plasmid DNA was prepared as described previously (13) . E. coli carrying pMB9 or its recombinant plasmids was treated with chloramphenicol to amplify the plasmid. After harvest of the cells, Sarkosyl lysate was prepared by the method of Clewell (6) . For the preparation of pUBllO, pTB53, or their derivatives, which could not be amplified by chloramphenicol, the procedure of Tanaka et al. (23) was used. The lysates were centrifuged to equilibrium in a CsCl gradient containing ethidium bromide. The fractions containing covalently closed circular DNA were pooled, treated three times with 1 volume of n-butanol to remove ethidium bromide, and dialyzed against TE buffer.
Chromosomal DNA of B. licheniformis was prepared as described by Harris-Warrick et al. (10) , except that cesium chloride-ethidium bromide equilibrium density gradient centrifugation was repeated two times. The chromosomal (linear) DNA was purified by dialysis as described above.
Digestion of plasmid and chromosomal DNA with restriction endonucleases. Plasmid DNA or chromosomal DNA in TE buffer was digested at 370C for 1 h in each reaction mixture except for 30°C for PstI. The composition of the mixture was as follows: (i) for EcoRI, 10 mM MgCl2-50 mM NaCl-100 mM Tris-hydrochloride (pH 7.5); (ii) for BamHI, 10 mM MgCl2-100 mM Tris-hydrochloride (pH 7.5); (iii) for HindIII, 6 mM MgCI2-50 mM NaCl-0.05-,ug/,ul bovine serum albumin-6 mM Tris-hydrochloride (pH 7.5); After the digestion of DNAs with restriction endonuclease EcoRI, the DNA was precipitated with cold ethanol and dissolved in a reaction mixture (100 Il) (66 mM Tris-hydrochloride, pH 7.6; 6.6 mM MgCl2; 10 mM dithiothreitol; 0.4 mM ATP; 0.2 U of T4 DNA ligase). The miixture was kept at 100C for 1 or 2 days and used to transform B. subtilis. The ligated DNA was precipitated again with cold ethanol and dissolved in TE. The DNA solution was used for the transformation of E. coli.
Agarose gel electrophoresis. The DNA sample was subjected to electrophoresis in agarose dissolved in Tris-borate buffer as previously described (13) . A DNA digested with HindIII was used as an internal reference.
Transformation. Transformation of E. coli with plasmid DNA was carried out by calcium chloride treatment by the method of Lederberg and Cohen (15) . Transformants with pMB9 were selected on L plus tetracycline (20 pg/ml) agar, and those with its recombinant plasmid carrying the penicillinase gene were selected on L plus tetracycline (20 pg/ml) plus ampicillin (20 ,ug/ml) agar.
Competent cells of B. subtilis MI112 (leuA8 arg-15 thr-5 recE4 rM-mM-) were prepared as described by Anagnostopoulos and Spizizen (1) except for the addition of leucine, arginine, and threonine (concentrations of each, 50 pg/ml and 5 pg/ml for the first and second growth media, respectively). Plasmid DNA (-1.0 pg) was added to a 1-ml suspension of the competent cells and incubated at 37°C for 30 min. The suspension was centrifuged, and the cells were suspended in L broth and incubated at 37°C for 2 h for gene expression. Transformants of B. subtilis with pUBllO, pTB53, or their derivatives were selected on L agar containing kanamycin (5 pg/ml).
The protoplast transformation procedure developed by Chang and Cohen (5) for B. subtilis was used to transform B. lichenifonnis with plasmid DNA, except that SMMP and DM3 media were replaced by SMMLP and DMP media, respectively, and incubation temperature was 30°C. Transformants of B. Iicheniformis with pUBllO, pTB53, or their derivatives were selected on DMP regeneration medium containing kanamycin (1 mg/ml).
The method for transformation of B. licheniformis with linear (chromosomal) DNA was exactly the same (M28 system) as described by Thorne and StuUl (25) . Transformants were selected on H3 agar. This method was not applicable for transformation of B. licheniformis with plasmid DNA. Detection of penicillinase-positive colonies on plates. Penicillinase-positive (PCase+) colonies on plates were detected quickly by the method of Sherratt and Collins (I2-polyvinyl alcohol method) (21) . Penidilinase assay. Bacteria were grown to late exponential phase (about 0.2 mg of dry cells per ml) at 37°C in L broth. The culture broth in situ was used for the assay of total penicillinase. The supernatant of culture broth that was obtained by centrifugation (8,000 x g, 10 min) was used for the assay of extracellular penicillinase. In parallel with the assay of penicillinase, the culture broth (10 ml) was filtered on a Millipore filter (type HA; pore size, 0.45 pum), and the cells were dried at 90°C for 2 h.
The method of Sargent (20) , modified as shown below, was used for the assay of penicillinase. A sample thus prepared was diluted to 2.5 ml in a phosphate buffer (0.1 M, pH 7.0). The sample solution (designated as sample tube) was equilibrated at 30°C. A 0.5ml volume of potassium penicillin G solution (20,000 U/ml of phosphate buffer, pH 7.0) was then added. The reaction at 30°C was stopped after an appropriate incubation period (3 to 30 min) by the addition of iodine reagent (5 ml), followed immediately by rapid mixing. In addition, the following three test tubes (a to c) were treated, similarly and simultaneously, for controls: (a) phosphate buffer (2.5 ml) plus penicillin G solution (0.5 ml); (b) sample solution (2.5 ml) plus phosphate buffer (0.5 ml); (c) phosphate buffer alone (3.0 ml). Absorbance (A) at 499 nm for each tube, Aa, Ab, or Ac, was determined. The difference in absorbance (AA4s,) among these three test tubes and the sample tube was taken as: AA4* = Aa -(Ac -Ab) -Aaampie tube.
Taking for granted the result of Sargent (20) that 1 ml of 0.0166 N Na2S203 solution, back-titrated in the penicillinase activity measurement, corresponds to 2 pmol of penicillin G hydrolyzed, the following relationship was confirmed: micromoles of penicillin G hydrolyzed = 7.5 x (AA49s). One unit of penicillinase was defined as the quantity required to hydrolyze 1 pmol of penicillin G per h at 30°C.
Test of inducibility. When exponentially growing cells in L broth at 37°C reached around 0.2 mg of dry cell weight per ml, cultures were subdivided into two parts, and one part received 5 pg of cephalosporin C per ml. Penicillinase activities were measured after further incubation at 37°C for 1.5 h. The specific activity of the induced culture divided by that of the uninduced was referred to as the "induction ratio." Partial purification of extraceliular penicillinase. Bacteria were grown in CH/S medium at 37°C until the cell concentration reached an optical density of =1.5 at 660 nm. After centrifugation (8,000 x g, 10 min) of culture broth, the supernatant was used for partial purification of extracellular penicillinase. The procedure of enzyme purification was the same as that described by Pollock (18) , except that cellulose phosphate P1 (floc) was used instead of P40 (powder), and ammonium sulfate fractionation was carried out only once and further purification was not attempted.
Protein assay. Protein concentration was measured by the method of Lowry et al. (16) . Bovine serum albumin was used as a standard.
RESULTS
Penicinase synthesis by B. licheniformis ATCC 9945A FDO120 or its derivatives. Table 3 shows penicillinase activities of B. Iicheniformis ATCC 9945A FDO120 and its derivatives. Strains FDO120 and R206 both produced 930 and 7.1 U of penicillinase per mg (dry cell weight) with and without induction, respec-tively. The induction ratio was 130. In contrast, magno-constitutive strain (standard constitutive strain) CO1 produced 3,000 U of penicillinase per mg (dry cell weight), and the induction ratio was 1.1. Penicillinase-negative strains could not be obtained by a single mutagenic treatment of B. lichenifornis C01, even though micro-constitutive strain COlPlOl was obtained by this treatment. This strain produced about 20 U of penicillinase per mg (dry cell weight), and the induction ratio was 1.0. After the mutagenic treatment of strain COlPlOl, penicillinase-deficient strain C01P1013 could be obtained (Table 3) . Although the induction ratio could not be determined for PCasestrain C01P1013, the regulatory system of the strain might be constitutive, because the parental strains C01 and COlPlOl were constitutive. Strain M015-1, which was a derivative of strain COMP1013, was confirmed to be penicillinase deficient. A meso-constitutive strain C01P102 was obtained by N-methyl-N'-nitro-Nnitrosoguanidine treatment of B. licheniformis C01 and produced thermolabile penicillinase.
Isolation of recombinant plasmids carrying the penicillinase gene of B. licheniformis. The chromosomal DNAs of the magnoconstitutive strain B. licheniformis C01 and inducible (wild-type) strain FD0120 were digested with restriction endonuclease EcoRI. The EcoRI digests were ligated with EcoRI-treated vector plasmid pMB9 (Tcr) at a ratio of 2:1 (by weight) by using T4 DNA ligase. Two kinds of ligation mixture (CO1 + pMB9; FDO120 + pMB9) each containing 1 ug of DNA were independently used to transform E. coli C600-1. Transformants were selected on L agar containing tetracycline and ampicillin and were transferred onto L plus polyvinyl alcohol agar by a replica plating method for the quick detection of penicillinase.
Among 20 Tcr Apr strains, 5 were PCase+ and the rest were PCase-. The Apr phenotype of the PCase-strains might have been due to spontaneous mutation of E. coli C600-1. Plasmid was prepared from the transformant (Tcr Apr PCase+) obtained with DNA of strain C01. The coded on the same (recombinant) plasmid. The recombinant plasmid was designated as pTTEll. Likewise, the recombinant plasmid carrying the penicillinase gene from wild-type strain FDO120 was obtained. The latter recombinant plasmid, designated as pTTE21, could transfonn E. coli C600-1 with almost the same frequency as pTTE11.
Plasmids pTTE11 and pTTE21 were analyzed by agarose gel electrophoresis. Both plasmids pTTE11 and pTTE21 were larger than the vector plasmid pMB9 (Fig. 1, lanes A, B, and C). It was evident (Fig. 1 , lanes D, E, and F) that pTTE11 and pTTE21 each carried an EcoRI fragment (2.8 megadaltons [Md]); obviously, the origin of these fragments was different: one was from C01, whereas the other came from FDO120. These results indicate that the penicillinase gene (PCase+ Apr) is coded on the EcoRI fragment (2.8 Md). Table 4 . PCase+ transformants were acquired by congression. Met' transformants were obtained in all cases at nearly the same frequencies (about 2 x 104 transformants per ug of DNA). One hundred colonies of Met+ transformants were tested for penicilHinase on plates.
No PCase+ strains were obtained with chromosomal DNA of strain M015-1 or EcoRI digest of pMB9 or both (Table 4 ). Although plasmid pBR322 carries a ,B-lactamase gene which renders E. coli cells resistant to ampicillin, the EcoRI digest of pBR322 could not yield a PCase+ transformant of B. licheniformis. When the EcoRI digest of pTTE21 was used as donor DNA, 13 PCase+ transformants were obtained. The regulatory type of penicillinase in all these PCase' transformants was found to be inducible (wild type) by the inducibility test (data not shown). Twelve PCase+ transformants were also obtained with the EcoRI digest of pTTE11, and all of these strains were found to be magnoconstitutive, because they could be easily distinguished from inducible strains by their larger and clearer halo on I2-polyvinyl alcohol agar plates.
To reconfirm that the 2.8-Md EcoRI fragment of pTTE11 was from a magno-constitutive strain, wild-type strain FD0120 (met-i PCase+ inducible) was transformed with chromosomal DNA from strain FD0264 (Met+ PCase+ inducible) or with a mixture of the chromosomal DNA and EcoRI digest of pTTEll (about 1 ug). When the chromosomal DNA of FD0264 was used as the sole donor, all Met+ transformants were PCase+, and the regulatory type (inducible) remained unchanged without exception (Table 4 ). Among 100 colonies of Met+ transformants obtained with the EcoRI digest of pTTE11 and the chromosomal DNA of FD0264, 22 strains changed from inducible to constitutive (Table  4) .
These results justify the argument that the penicillinase genes cloned so far in recombinant plasmids pTTE21 and pTTEll originate, respectively, from the wild-type strain FDO120 and the constitutive strain C01 of B. lichenifornis ATCC 9945A. Cleavage maps of pTTEll and pTTJE21. DNAs of pTTEll and pTTE21 were digested with several restriction endonucleases. The digestion patterns were analyzed by agarose gel electrophoresis, resulting in the cleavage maps of pTTEll and pTTE21 shown in Fig. 2 . Restriction endonculeases BamHI and SailI could not cleave the cloned EcoRI fragment (2. 8 Md) .
Proofs that the structural gene of penicillinase is coded on the EcoRI fragment (2.8 Md). To examine whether or not the structural gene of penicillinase is coded on the EcoRI fragment (2.8 Md), B. licheniformis COlP102, which produced thermolabile penicillinase (Table 3), was transformed with an EcoRI digest of pTTE1 1. A transformant which was magno-constitutive for penicillinase was obtained and designated as strain RC1. Penicilhinases from strains C01, COlP102, and RC1 were partially purified, and their specific activities were 128, 6.5, and 100 U/,ug of protein, respectively.
Thernostability of these enzymes was tested as follows. Penicillinase (about 300 U/ml) in 0.1 M potassium phosphate buffer (pH 7.0) was treated at 650C, and samples were taken at intervals of 3 min. The samples were cooled immediately to 300C, and the remaining penicillinase activity was assayed ( Fig. 3) . Penicillinase from strain C01 was fairly stable under these conditions, whereas the enzyme from strain COlP102 was thermolabile. Penicillinase from transformant RC1 was much more thermostable than that from strain COlP102 (Fig. 3) . These results indicate that the structural gene of penicillinase (penP) is coded on the 2. plus kanamycin. After single-colony isolation, these transformants were examined for penicillinase on L plus polyvinyl alcohol agar. Among Kmr transformants, no PCase+ strains were obtained with pTTE11 plus pUBilO, whereas many PCase+ strains (about 20% of Kmr strains) were detected with pTTE21 plus pUBllO. Plasmids were prepared from the transformants (KMr PCase+). Digestion patterns of these plasmids with several restriction endonucleases were analyzed by agarose gel electrophoresis ( Fig. 4) . As shown below, there were 8 two types of recombinant plasmids in which the 2.8-Md EcoRI fragment was inserted inversely. These plasmids were designated as pTTB21 and . .
. .
.~~p TTB22. Restriction endonuclease EcoRI cleaved Incubation time (min) pTTB21 and pTTB22 at two sites (Fig. 4, (Fig. 4, lane C) , whereas double dtgestime indicated, the enzyme solution was tion of pTTB22 with the enzymes generated two ictivity was assayed at 300C as described new fragments (4.2 and 1.6 Md) (Fig. 4 , lane E). (0) Penicillinase from strain COI; (0) These results and the cleavage map of pTTE21 from strain COIP102; (0) penicillinase led to the restriction maps of pTTB21 and WCI. The remaining activity ofpenicillin-pTTB22 as shown in Fig. 2 . xin CO1P102 could not be detected after
Cloning of the penP gene with pTB53 in cbation at 650C. B. subtilis. Since the penP gene from the magno-constitutive strain B. lichenifornis C01 ised to transform B. subtilis M1112. could not be cloned in B. subtilis by using highmr Apr transformants were obtained copy-number plasmid pUBllO (.50 copies per ontaining both kanamycin and am-chromosome [14] ), a low-copy-number plasmid, 1T transformants were isolated at a pTB53 (1 to 3 copies per chromosome [12] ), was of about 103 per ug of DNA on L agar used. EcoRI digests of recombinant plasmids pTTEll and pTTE21 were ligated with partially EcoRI-digested pTB53 by using DNA ligase. The ligation mixtures (pTTE11 + pTB53 and pTTE21 + pTB53) were independently used to transform B. subtilis MI112. ]Kmr traSformnts were isolated and then tested for peniclhinase.
KMr PCase+ transformants were obtained with both ligation mixtures.
Plasmids were prepared from the transformants. Recombinant plasmids carrying the penP gene from the magno-constitutive strain C01 or the wild-type strain FD0120 (inducible) were designated as pTTB32 and pTTB42, respectively. These plasmids could transform B. subtilis M1112 at a frequency of about 103 transformants (Kir PCase+) per yig of DNA, respectively.
These recombinant plasmids and the vector plasmid pTB53 were digested with several restriction endonucleases and subjected to agarose gel electrophoresis. The restriction map of pTB53 has already been constructed (12) and is shown in Fig. 2 (2.8 Md) . These fragments are associated with determinants of DNA replication, Kmr, and Tcr, respectively (12) . Although two disrte bands were observed for the EcoRI digest of pTTB42 (Fig. 5, lane E) , both bands were "doublets," because double digestion ofpTTB42 with EcoRI and PstI produced four new fragments (3.7, 1.7, 1.1, and 0.5 Md), the remaining fragments (4.2 and 2.8 Md) remaining intact on the agarose gel (Fig. 5, lane F) .
It is also clear from lanes B and F in Fig. 5 that the 2.8-Md EcoRI fragment was inserted in pTB53. These results and further restriction analysis with EcoRI, PstI, HindIII, and BamHI (data not shown) yielded the cleavage map of pTTB42 as shown in Fig. 2 .
Digestion of pTTB32 with EcoRI produced three fragments (5.8, 4.2, and 2.8 Md) (Fig. 5 , lane C). Double digestion of pTTB32 with EcoRI and PstI gave new fragments (1.7 and 1.1 Md), eliminating the 2.8-Md EcoRI fragment (Fig. 5, lane D) . The EcoRI fragment (2.8 Md) of pTTB32 obviously originated from the cloned penicillinase fragment, and the R3 fragment in pTB53 could be ruled out as the origin (see lanes  A and B) .
In fact, B. subtilis M1112(pTTB32) was Kmr PCase+ Tc8. Unexpectedly, an EcoRI fragment of 5.8 Md emerged from pTTB32 in both digestions with EcoRI and EcoRI + PstI. Clearly, the PstI site on the EcoRI fragment (Rla, 4.2 Md) should have disappeared in the double digestion, because the fragments (5.8 and 4.2 Md) remained intact (Fig. 5, lane D) . Further- VOL. 147, 1981 more, it was shown that the SailI site on pMB9 was reproduced in pTTB32 (data not shown). These results and further restriction analyses with EcoRI, PstI, HinduII, BamHI, and SailI (data not shown) constructed the cleavage map of pTTB32 as shown in Fig. 2 . It is evident from the figure that both pMB9 and EcoRI fragment Rla of pTB53 were partly fused.
Transformation of B. licheniformis with recombinant plasmids carrying penP. Recombination-deficient strains ofB. licheniformis M015-1 and R206 were used as recipients in transformation experiments with various plasmids. The plasmids were prepared from B. subtilis MI112. pUBllO and pTB53 were used as a control. All of the recombinant plasmids carrying penP could transform B. licheniformis to PCase+ at a frequency of about 104 to 105 transformants per ,ug of DNA. The scheme of plasmids developed so far in this work is summarized in Fig. 2 .
Expression ofpenP from B. licheniformis in E. coli, B. subtilis, and B. licheniformis. Penicillinase was assayed for the bacteria with and without recombinant plasmid carryingpenP ( Table 5 ). No enzyme activities were detected for either E. coli C600-1 or the strain carrying only vector plasmid pMB9. E. coli C600l(pTTE11) produced nearly the same amount of penicillinase (about 7 U/mg of cells) as did E. coli C600-1(pTTE21). Although the enzyme activity of the penP-carrying strains of E. coli was fairly low, both strains were Apr.
Very little enzyme activity was detected for B. subtilis and the vector plasmid (pUBllO or pTB53) carriers (see Table 5 ). The penicilhinase of B. subtilis MI112 was not induced by cephalosporin C. B. subtilis MI112 strains carrying either pTTB21 or pTTB22 produced nearly the same amount of-penicillinase (100 to 83 U/mg of cells), although the cloned EcoRI fragments (2.8 Md) in pTTB21 and pTTB22 were inversely inserted (see Fig. 2 ). This fact suggests that the promoter of the penicillinase gene might have been on the cloned EcoRI fragment (2.8 Md) together with penP, and the promoter might have functioned normally in B. subtilis.
B. subtilis carrying pTTB42, which was composed of pTB53 (low copy number) and the 2.8-Md fragment from wild-type strain FD0120, produced 26 U of penicillinase per mg of cells, about one-fourth of that in B. subtilis(pTTB21). This reduced potency of penicillinase in B. subtilis(pTTB42) might be attributed most probably to the difference in copy number of plasmids pTB53 and pUB110, from which pTTB42 and pTTB21 were derived, respectively (see above). The induction ratio of the enzyme in B. subtilis (pTTB21 or pTTB42) was almost unity. It is interesting to find, on the other hand, that B. subtilis(pTTB32) produced the enzyme most conspicuously (12,000 U/mg of cells). Indeed, for this example about 30% of the total activity was found extracellularly in the supernatant of the culture broth (data not shown). Penicillinase activities were rarely detected in B. licheniformis M015-1 with or without vector plasmid (pUB110 or pTB53) (see Table 5 ). Nearly the same activity of penicillinase (about 90 U/mg of cells) was manifested by B. licheniformnis M015-1 carrying either pTTB21 or pTTB22. B. licheniformnis M015-1(pTTB42) produced 22 U of penicillinase per mg of cells. The above-mentioned description of penicillinase activity, depending on the plasmid species, is quite similar to that mentioned earlier with respect to the different host cells of B. subtilis. The induction ratio of penicillinase in B. licheniformis M015-1(pTTB22) (high copy number) was 1.1. In contrast, the induction ratio in B. lichenifornis M015-1(pTTB42) (low copy number) apparently increased to 4.0. This difference in induction ratio depending not only on the plasmids (pTTB22, pTTB42) but also on host cells (B. licheniformis M015-1, B. subtilis [see above]) will be discussed in detail later on. It is also interesting that B. lichenifornis M015-1(pTTB32) produced 10,000 U of penicillinase per mg of cells (Table 5) , and in fact about 60% of the total enzyme was secreted into culture broth (data not shown).
Next, B. licheniformis R206, which was wild type with respect to the regulatory system of penicillinase, was used in place of strain M015-1 (the regulatory system was constitutive). B. Iicheniformis R206(pTTB32) produced 84 U of penicillinase per mg of cells without the addition of cephalosporin C, whereas it produced 3,800 U of enzyme per mg of cells when induced. The induction ratio was 45.
The fact that the enzyme production (84 U/ mg of cells) by B. licheniformis R206(pTTB32) (uninduced) was repressed as compared with that (10,000 U/mg of cells) in B. lichenifornis M015-1(pTTB32) points out that the protein product (repressor) from the chromosomal origin (strain R206) must have functioned negatively on the penicillinase gene in plasmid pTTB32. These results negate the possibility of operator constitutivity for plasmid pTTB32 and also indicate that plasmid pTTB32 was devoid of active repressor (penI).
As a matter of fact, when penicillinase production was induced, B. licheniformis R206(pTTB32) produced much more enzyme (3,800 U/mg of cells) than did the host strain R206 (930 U/mg of cells; see Table 3 ). The difference between the two enzyme activities must be due to the derepression of penicillinase gene penP coded on the plasmid. DISCUSSION By using vector plasmids, we have cloned penicillinase genes, i.e., the structural gene (penP) and repressor gene (penI), from both wild-type and constitutive strains of B. licheniformis ATCC 9945A FDO120 in E. coli, B. subtilis, and B. licheniformis. Penicillinase genes from magno-constitutive strain C01 could be cloned in B. subtilis with low-copy-number plasmid pTB53 (1 to 3 copies per chromosome) (12), but not with high-copy-number plasmid pUB10 (-50 copies per chromosome) (14) .
In contrast, penicillinase genes from the wildtype strain could be cloned in B. subtilis even with high-copy-number plasmid. These results suggest that if genes cloned on a plasmid were excessively expressed, like those from magnoconstitutive strain C01, such an expression would deter the normal activities of host cells.
Hence transformants with such plasmid were rarely obtained.
One of the points in this work is that recombinant plasmids were used to construct heteroand mero-polyploid structures in host cells for the examination of a regulatory mechanism of penicillinase synthesis. This kind of complementation test has not yet been done in the genus Bacillus. We have succeeded by this complementation test in confirming that penicillinase biosynthesis in B. licheniformis is, indeed, under the control of a repressor.
It is evident from the data in Table 5 that the repressor of the penicillinase gene should have functioned in B. subtilis. In addition, neither B. subtilis(pTTB21) nor B. subtilis(pTTB42), both of which were penP+ penI+ and different in plasmid copy number, could be induced at all for penicillinase ( Table 5 ). These facts permit an inference that antirepressor gene or other regulatory gene(s), which should have performed as effector(s) in B. licheniformis, were not coded on the chromosome of B. subtilis.
Induction for penicillinase in B. licheniformis, however, was markedly different in its fashion from that in B. subtilis. Apparently, B. licheniformis M015-1 was penI, because the induction ratio in the strain M015-1 carrying pTTB32 (penP+ penI, low copy number) was confirmed to be 1.0. The induction ratio in B. licheniformis M015-1 (penPpenI) carrying pTTB22 (penP+ penI+, high copy number) was 1.1, whereas that in strain M015-1 carrying pTTB42 (penP+ penI+, low copy number) was 4.0. Furthermore, the induction ratio in wild-type strain FDO120 (penP+ penI+, one copy for each on the chromosome) was 130 (Table 3 ). In other words, the greater the copy number for penP+ penI+ per chromosome, the less the induction ratio.
It was shown earlier that when induced, wildtype strain FD0120 produced much more penicillinase (930 U/mg of cells) than strain M015-1 carrying pTTB22 or pTTB42 (around 90 U/mg of cells) ( Tables 3 and 5 ). These facts could be explained as follows: repressor that could be titrated by antirepressor might have overwhelmed the function of antirepressor when the copy number ofpenP+ penI+ increased, and vice versa.
From the biochemical point of view, relative rates of hydrolysis of some substrates by penicillinases of various strains were examined. Partially purified extracellular penicilhinases from B. lichenifornis C01 and M015-1(pTTB32) and B. subtilis MI112(pTTB32) exhibited nearly the same relative activities against four substrates ( Table 6 ). Nearly the same profile was also observed with crude enzyme solution prepared by sonication of cells of E. coli C600-1(pTTE11). These results support the argument mentioned earlier that the penP gene of B. licheniformis 9945A C01 was indeed cloned and transferred into E. coli, B. subtilis, and B. licheniformis. (19) . 'Crude extract was prepared by sonication of cells.
The substrate profile of penicilhinase observed in this work resembled closely that of B. licheniformnis 749/C reported by Pollock (19) . The fact that the penicillinase produced by B. licheniformis 9945A was enzymatically and immunologically indistinguishable from that produced by strain 749 (21) would also support the similarity of the substrate profile of penicillinase between B. licheniforynis 749/C and B. licheniformis 9945A ( Table 6 ).
Using penicillinase markers in B. licheniformis strain 749 that were transferrable by transfonnation into stain 9945A, Sherratt and Collins (21) genetically analyzed the penicillinase locus and proposed a model for the regulatory mechanism of penicillinase biosynthesis. According to their genetic analysis, one regulatory gene (repressor gene, penI) is 90% linked to the structural gene (penP), and a second regulatory gene (effector or antirepresor gene) is 50% linked to the first regulatory gene. It was shown earlier in this work that the cloned EcoRI fragment (2.8 Md) from B. licheniformis 9945A coded penicillinase genes (penP and penI) and most probably the promoter-operator region of the operon. This result might be supported by the genetic studies by Sherratt and Collins we refer to above. Also, the fact that cleavage sites for PstI and HindIII on the cloned EcoRI fragment from strain 9945A (Fig. 2) coincided with those on the cloned EcoRI fragment from strain 749/C (8) might further justify the above argument.
It is interesting that even if the same penicillinase genes were cloned in E. coli, B. subtilis, and B. licheniformis, the phenotypic expressions were different from one another. For example, E. coli cells carrying the penP gene were Apr, though the penicillinase activity was fairly low ( Table 5 ). The low enzyme activity could be accounted for by the inference that the promoter region of penicllinase genes from the genus Bacillus could not be recognized well, or translation of the specific mRNA might be the limiting step in the expression in E. coli as suggested by other workers (4).
On the other hand, penP-carrying strains of B. subtili or B. licheniformis were ApS despite high penicllinase activities of more than 10,000 U/mg of cells. The high enzyme activity is due to a sort of gene dosage effect and gives an example for the strain improvement. Ampicillin resistance was defined in this work by the ability of a single cell to form a colony on L agar plus ampicillin (20 pg/ml), by which ApV transformants could be selected. Although PCase' strains of B. subtilis and B. licheniformis were ApV, they could grow on L agar plus ampicillin if transferred by replica plating. Though Gray and Chang reported that B. subtilis transformants expressed Apr (8) , the apparent inconsistency could be attributed to the difference in Apr basis, i.e., a single cell in our work, compared to many cells (replica plating) in the study of Gray and Chang.
E. coli (pTTEll or pTTE21) could secrete little penicilhinase in a medium (about 0.1 U/mg of cells), whereas B. subtilis and B. licheniformis, which carry the penP gene, secreted about 30 and 60% of total penicillinase, respectively. These phenotypic differences among E. coli, B. subtilis, and B. lichenifornnis might be caused by the difference in cell surface structure between gram-negative and gram-positive bacteria LITERATURE CITED
